The variable stress-sensitivity of individual cells within pure cultures is widely noted but generally unexplained. Here, factors determining the heterogeneous susceptibility to copper toxicity in Saccharomyces cerevisiae were examined with a rapid nonperturbing approach based on flow cytometry. By determination of the DNA content (with propidium iodide) in cell fractions gated by forward angle light scatter (an indicator of the cell volume), it was shown that forward angle light scatter measurements gave an approximation of the cell cycle stage. Thus, our observation that cells in different forward angle light scatter fractions displayed differing Cu-sensitivities indicated that heterogeneous Cu-sensitivity is a function of the cell cycle stage. Furthermore, cells sorted by their Cu-sensitivity and -resistance and subsequently analyzed for DNA content were found predominantly to occupy G 1 /S and G 2 /M cell cycle stages, respectively. The oxidant-sensitive probe 2P,7P-dichlorodihydrofluorescein diacetate was used to show that the Cu-sensitivity of G 2 /M phase S. cerevisiae was correlated with greater levels of pre-existing reactive oxygen species in these cells. The results indicate that differential Cu-sensitivity in a S. cerevisiae culture is linked to the cell cycle stage and this link may be determined partly by cell cycle-dependent fluctuations in basal reactive oxygen species generation. ß
Introduction
The redox active metal copper is an essential cellular micronutrient that can be toxic at high concentrations [1] . Thus, Cu homeostasis is a critical cellular function, requiring the precise coordination of Cu accumulation and detoxi¢cation mechanisms. In the yeast Saccharomyces cerevisiae, under conditions of Cu excess, MAC1-dependent transcription of the Cu(I) transport machinery, CTR1, CTR3 and FRE1, becomes repressed [2] . Concomitantly, ACE1-dependent transcription of the Cu detoxi¢ca-tion metallothioneins CUP1 and CRS5 and the cytosolic Cu,Zn superoxide dismutase encoded by SOD1 becomes activated [3^5] . Indeed, Cu serves as a co-factor for Sod1p, which re£ects its redox activity. Moreover, Cu-induced generation of reac-tive hydroxyl radicals via Fenton-type reactions could play a role in Cu toxicity. Thus, we recently demonstrated that Cu promotes lipid peroxidation in S. cerevisiae and that the membrane fatty acid composition can be a determinant of heavy metal tolerance [6^8] .
Various Cu-resistance determinants have been described in di¡erent microorganisms (reviewed in [9, 10] ). However, no studies have sought to investigate the di¡erential sensitivity to Cu characteristically observed within pure microbial cultures exposed to semi-lethal Cu (or other metal) concentrations. The cell cycle stage is the dominant variable within asynchronous microbial populations and has previously been associated with di¡erential sensitivity to the yeast killer K28 toxin and the DNA topoisomerase I poisons in S. cerevisiae [11, 12] . Yeast cell cycle studies are usually carried out using synchronous cultures or on a relatively small number of cells, by time-lapse studies [13] . Flow cytometry can be used to circumvent cell synchronization for certain applications and is becoming an increasingly popular method for cell cycle analysis [14, 15] . The novel £ow cytometric approach we adopted here enabled us to demonstrate that di¡erential copper-sensitivity is associated with partition in di¡erent cell cycle stages in S. cerevisiae.
Materials and methods

Organisms and culture conditions
S. cerevisiae NCYC 1383 (MATK, his3-v1, leu2-3, leu2-112, ura3-52, trp1-289) was routinely maintained on solid YPD medium [6] . For experimental purposes, S. cerevisiae was grown in YPD, broth with or without fatty acid supplementation, as described previously [6] .
Preparation of cell suspensions for metal toxicity experiments
Late-exponential phase cells were harvested by centrifugation (1500Ug, 5 min) and washed twice with distilled deionized water. Cells were suspended to V5U10 7 ml 31 in 40 ml of 10 mM MES bu¡er, pH 5.5, 1% (w/v) glucose, at room temperature with orbital shaking at 120 rev. min 31 . (There was no appreciable perturbation of cell cycle progress during the short incubations in MES+glucose (con¢rmed with £ow cytometry, not shown)). After 15 min, Cu(NO 3 ) 2 was added to the desired concentration.
Lipid extraction and fatty acid analysis
Cells were harvested by centrifugation (1500Ug, 5 min) and washed twice with distilled deionized water at 4³C. Cells were disrupted by shaking with 0.5-mm diameter glass beads (Biospec Products) using a Biospec Products Mini-Beadbeater for 4U30-s pulses. Lipids were extracted from homogenates according to [16] and fatty acid methyl esters (FAMEs) were generated as described previously [6] . FAMEs were separated using a Stabilwax-DA 30 m capillary column and analyzed using a Perkin Elmer Autosystem gas chromatograph. Fatty acids were identi¢ed by comparison with authentic standards.
Fluorescence staining
For DNA staining, V5U10 7 cells were harvested, washed with MES bu¡er and ¢xed in 70% (v/v) ethanol for 30 min at 4³C. Samples were washed with 50 mM sodium citrate and resuspended in the same solution containing 1 mg ml 31 boiled RNAse A (Boehringer Mannheim) and 20 Wg ml 31 propidium iodide (PI). Samples were incubated at 37³C for 3 h in the dark and then stored at 4³C.
For viability staining, cells were resuspended in phosphate-bu¡ered saline (PBS) containing 10 Wg ml 31 £uorescein diacetate (FDA) and 25 Wg ml 31 PI. FDA is taken up by live cells and converted to its £uorescent derivative £uorescein by cellular esterases [17] . PI is taken up by dead cells because of a loss of membrane impermeability [18] . Samples were incubated at 4³C for 15 min prior to analysis. In vivo molecular oxidation was assessed using the oxidant-sensitive probe 2P,7P-dichlorodihydro-£uo-rescein diacetate (H 2 DCFDA) (Molecular Probes) [19] . Harvested cells were resuspended in PBS with 50 WM H 2 DCFDA. Samples were incubated for 15 min at room temperature, washed twice in icecold distilled deionized water and resuspended in 1 ml PBS. Samples were kept at 4³C until analysis.
Flow cytometry
All samples were analyzed using a Becton Dickinson FACSCalibur instrument, equipped with a 15-mW, 488-nm argon ion laser. For data acquisition in non-sorting applications, cells were diluted in sheath £uid (0.22 Wm pre-¢ltered FACSFlow) to a density of V1U10 7 cells ml 31 . Samples were analyzed at a high £ow rate (60 Wl min 31 ). Typically, 10 000 cells were analyzed per sample. For sorting applications, 0.22 Wm pre-¢ltered PBS was used as sheath £uid and samples were sorted at a low £ow rate (12 Wl min 31 ). Gated populations were separated (sorted) into sterile 50-ml Falcon tubes, previously coated with 4% (w/v) bovine serum albumin in PBS for 1 h at 4³C. Sorted populations were immediately placed on ice, then centrifuged at 1500Ug for 5 min at 4³C and resuspended in 0.5 ml PBS for analysis. Data acquisition and analysis were performed using CELLQuest software.
Results
3.1.
Relationship between the cell volume (forward scatter) and cell cycle stage (DNA content)
We established a correlation between the cell volume and cell cycle stage by simultaneously examining the forward angle light scatter (FSC) (proportional to the cell volume [15] ) and DNA content (PI £uorescence) with £ow cytometry. A FSC histogram was gated into ten regions (R2^R11), each representing 10% (10 000 cells) of the total population ( Fig. 1a) . The DNA histogram for the total population showed 1C (G 1 phase) and 2C (G 2 /M phase) DNA peaks with similar cell numbers (Fig. 1b) . Individual PI histograms were then plotted for each 10% region (Fig. 1c) . Cells in the 0^10% and 102 0% maximum cell volume fractions (R2 and R3) consisted exclusively of 1C DNA and thus corresponded to G 1 phase cells. The PI histograms of fractions R4^R10 showed progressive emergence of the 2C DNA peak. Cells at 90^100% of the maximum cell volume (R11) consisted almost exclusively of 2C DNA (12% had a 1C DNA content) and thus most likely corresponded to cells about to undergo mitosis. As budding yeast divides asymmetrically, cells of the same size are not expected to be strictly of the same cell cycle stage [14] . This may account for the simultaneous presence of 1C and 2C cells in many fractions. Nevertheless, our results show a correlation between the cell volume and DNA content of S. cerevisiae, thus validating the use of FSC measurements for approximating the cell cycle stage, as has been shown with other microorganisms [15] .
Relationship between the cell volume (cell cycle stage) and susceptibility to copper toxicity
We adapted the above methodology to determine if sensitivity to copper was in£uenced by the cell cycle stage. Cells were exposed to 100 WM Cu 2 for 15 min and stained with FDA and PI. A FSC histogram was plotted and gated into 50 2% regions (similar to Fig. 1a ) (Cu exposure was con¢rmed to have no e¡ect on the cell volume distribution that was detectable in FSC histograms, data not shown). FDA versus PI dot plots were examined for each of the gated regions to determine percentage viabilities within each (as in Fig. 3a) . The largest cells (981 00% of the maximum cell volume) were the most resistant to copper, whereby after 15 min exposure to 100 WM Cu 2 , approximately 69% of these cells remained viable. The smallest cells (0^2% of the maximum cell volume) were also relatively resistant to copper. However, as the % maximum cell volume Fig. 2 . Relationship between the cell volume (cell cycle stage) and susceptibility to copper toxicity. S. cerevisiae was exposed to 100 WM Cu(NO 3 ) 2 for 15 min and viability was determined by staining with FDA and PI (see Fig. 3a) . A FSC (cell volume) histogram of the total population was gated into 50U2% regions and percentage viabilities for each were determined from secondary dot plots of FDA versus PI (not shown). Data were collected from at least 100 000 cells and each region represents approximately 2000 cells. Fig. 3 . Cellular DNA content of`Cu-sensitive' and`Cu-resistant' S. cerevisiae sub-populations. Cells were exposed to 100 WM Cu(NO 3 ) 2 for 15 min and viability was determined by staining with FDA and PI. (a) FDA versus PI dot plot distinguishing sensitive (R1) and resistant (R2) sub-populations. R1 and R2 were sorted, the cellular DNA of each sub-population was stained with PI and PI histograms were plotted (Fig. 3b, c) . Data were collected from at least 10 000 cells.
increased beyond 0^2%, Cu-resistance decreased and was minimal at approximately 38^40% of the maximum cell volume, whereby only 32% of cells remained viable after Cu 2 exposure (Fig. 2) . With an increased cell volume beyond this point, Cu-resistance increased to a maximum with the largest cells. Thus, copper-sensitivity is markedly in£uenced by the cell cycle stage.
Cellular DNA content of`Cu-sensitive' and
Cu-resistant' S. cerevisiae sub-populations
To characterize further the relationship between the cell cycle stage and cellular copper-sensitivity, S. cerevisiae was exposed to an approximately 50% toxic dose of copper and the cellular DNA content of sensitive and resistant sub-populations was compared. An FDA versus PI dot plot was created to enable sorting of dead (R1) from live (R2) sub-populations (Fig. 3a) . After sorting, the separated subpopulations were ¢xed and cellular DNA was stained with PI. Of the Cu-sensitive sub-population (R1), approximately 54% of cells comprised 2C DNA (Fig. 3b) . The DNA histogram of this subpopulation was very similar to those evident in the highly Cu-sensitive fractions R6 and R7 (corresponding to 40^60% the maximum cell volume) described above (see Figs. 1c and 2) . Conversely, the copper-resistant sub-population (R2) consisted predominantly of G 1 phase cells, whereby approximately 72% of cells comprised 1C DNA (Fig. 3c) . These results indicate that G 1 phase cells are considerably more resistant to copper. The cells with 2C DNA in the Cu-resistant sub-population (Fig. 3c ) most likely corresponded to those cells approaching the maximum cell volume from Fig. 2. 
Fatty acid composition of cells at di¡erent cell cycle stages
Cells displaying high degrees of membrane fatty acid unsaturation are more sensitive to heavy metal toxicity [6^8] . Here, we sought to ascertain whether the above cell cycle-dependency of Cu toxicity could be attributed to cell cycle-dependent changes in fatty acid composition. An FSC histogram was plotted and divided into four 25% regions (R1^R4) (as for Fig. 1a) . Cells sorted from each region were analyzed for their fatty acid composition. Levels of the monounsaturated fatty acids, 16:1 and 18:1, were similar for each region, only varying between approximately 21 and 26% and 22 and 26% of the total cellular fatty acids, respectively (results not shown). Thus, the unsaturation indices (average number of double bonds per fatty acid) were found to be similar, ranging between 0.44 and 0.49 for each of the sorted regions. The results indicate that the cellular fatty acid composition of S. cerevisiae shows insu¤cient cell cycle-dependent variation to signi¢cantly in£u-ence the Cu-sensitivity. gen species (ROS) to cellular Cu toxicity (see Section 1), we tested whether the initial (prior to Cu addition) oxidant status could be a determinant of cell cycle-dependent Cu-sensitivity. As we have previously demonstrated elevated levels of Cu-induced lipid peroxidation in PUFA-enriched cells [8] , PUFA supplementation was employed to exaggerate any ROS-mediated e¡ects. Unsupplemented, linoleate (18:2)-and linolenate (18:3)-supplemented S. cerevisiae cells were stained with the oxidant-sensitive probe H 2 DCFDA. Sub-populations of a low (R1), medium (R2) and high (R3) cellular oxidant status were sorted from each culture (Fig. 4a) , suspended to approximately 2U10 5 cells ml 31 in PBS and exposed to 10 WM Cu 2 for 10 min. Samples were then stained for viability with PI and re-examined by £ow cytometry to determine the number of viable cells of each sub-population. Cells with the highest initial oxidant status (R3) were the most susceptible to Cu toxicity (Fig. 4b) . Hence, with cells previously grown in unsupplemented medium, 72% of the R3 cells were viable after Cu exposure compared with 93% of R1 cells. However, this e¡ect was greatly accentuated with 18:3-supplemented cells. Here, only 17% of the R3 cells remained viable, compared with 76% of R1 cells (Fig. 4b) . The results indicate that cells with a high initial oxidant status are predisposed to copper-induced killing.
The cell cycle stage-dependency of H 2 DCFDA staining was tested in an independent experiment. PI histograms revealed that cells with a low initial oxidant status (R1) predominantly comprised 1C DNA (64% of the total number of cells), whereas R2 and particularly R3 consisted of a greater proportion of 2C DNA cells (62 and 70% of the total number of cells, respectively) (results not shown). The results suggested that newly divided cells have a smaller endogenous oxidative burden.
Discussion
We used a novel £ow cytometric approach to examine the heterogeneity and cell cycle-dependency of copper-sensitivity in asynchronously grown S. cerevisiae. Classical cell cycle analyses are carried out following cell synchronization procedures, which for S. cerevisiae include chemical (e.g. mating pheromone K-factor-induced G 1 phase arrest), physical (e.g. centrifugal elutriation) and genetic (e.g. temperature-sensitive cdc mutant) approaches [13, 20] . The e¤cacy of synchronization methods is undermined, however, by their inherent perturbation of the dynamic state of the cells (reviewed in [13] ). By simultaneous determination of FSC and the DNA content, we have validated the use of FSC measurements for approximation of the cell cycle stage and demonstrated a rapid and relatively non-perturbing means of establishing the cell cycle stage-dependency of a phenotype.
Using the above methodology, a relationship between the cell cycle stage and susceptibility to copper toxicity was observed. Our di¡ering approaches yielded small discrepancies in the cell cycle phase at which cells appeared to be most sensitive to Cu. For example, the fraction comprising the largest volume cells was the most Cu-resistant (Fig. 2 ), yet G 2 /M phase cells predominated in Cu-sensitive sub-populations (Figs. 3 ,4) . Such inconsistencies are most likely related to the asymmetric division of S. cerevisiae (see above) and also to the fact that our approach may not have strictly distinguished G 2 /M phase cells from G 1`d oublets' [15] . Nevertheless, cell populations consisting predominantly of G 2 /M phase cells, excluding those approaching the maximum cell volume, were generally the most sensitive to Cu. The Cu-sensitivity of G 2 /M phase cells could not be attributed to changes in cellular fatty acid composition, as this did not vary signi¢cantly during the cell cycle, but was correlated with a greater preexisting endogenous oxidative burden in these cells. ROS are generated endogenously in S. cerevisiae during mitochondrial respiration, steroidogenesis and the L-oxidation of high-molecular weight fatty acids [21, 22] . The low metabolic activity of G 1 phase cells could account for their diminished oxidative burden. Alternatively, one or more key oxidant/metal-resistance determinants could be subject to cell cycle-dependent regulation. Changes in SOD1 activity during the cell cycle have been demonstrated in both vascular endothelial and smooth muscle cells [23] . To our knowledge, this is the ¢rst report indicating that levels of endogenously generated ROS £uctuate during the cell cycle of yeast.
That pre-existing elevated levels of ROS sensitized cells to copper is consistent with a role of ROS-medi-ated cellular damage in Cu toxicity. Using PUFAenriched cells, we have previously demonstrated lipid peroxidation to be a key mechanism of Cu toxicity in S. cerevisiae [8] . Additional evidence has come from genetic studies. For example, the CUP1 gene encoding Cu(I)-metallothionein is transcriptionally upregulated during oxidative stress and has been demonstrated to have a signi¢cant anti-oxidant activity [24] . Furthermore, up-regulated ACE1-dependent SOD1 transcription is observed in S. cerevisiae exposed to acute levels of copper [4, 25] . The present results uniquely extend the implied link between Cu toxicity and ROS generation to the cell cycle-dependency of Cu toxicity.
Factors other than pre-existing ROS burdens but still linked to ROS generation could also in£uence cell cycle-dependent Cu toxicity. Through Fentontype reactions, copper can catalyze the generation of the highly reactive hydroxyl radical (HO ). One target of HO is DNA, where it can generate several base lesions, including 8-oxoguanine and thymine glycol [22] . Previous studies have indicated that compact aggregates of`condensed' chromatin, such as those that occur during early G 1 and late G 2 of the cell cycle [26] , may be separated physically in the cell by distances greater than the e¡ective damaging range of HO radicals [27] . Thus, the correlation between the timings of chromatin condensation and of elevated Cu-resistance observed here (in G 1 cells and cells approaching the maximum volume) suggests an additional possible factor that could effect heterogeneous Cu-sensitivity. The full delineation of such possibilities will be one focus of future studies on the cell cycle-dependence of Cu-sensitivity in S. cerevisiae.
